ABSTRACT Energy sharing is critical for zero-energy buildings on the community level. However, most existing works studied the energy sharing problems without considering the physical energy sharing circuit. In this paper, we provide a new perspective to explore the energy sharing among building with a specific energy sharing circuit, and then, the modeling, control, and verification of the energy sharing system are presented. The energy sharing system is modeled as a cyber-physical system, where the physical layer characterizes the physical energy sharing circuit, and the cyber layer represents the communication topology among buildings. In the control layer, an average state-of-charge (SoC) estimator is designed for energy storage systems (ESSs) of each building using the dynamic consensus protocol, and a cooperative SoC tracking law is designed to achieve the SoC balancing of ESSs. The closed-loop model of the energy sharing system is developed using the block diagram. A laboratory prototype is built to verify the effectiveness of the proposed energy sharing method. The experimental results verify that the proposed energy sharing system can achieve energy sharing among ESSs effectively and efficiently.
I. INTRODUCTION
A zero-energy building (ZEB) is a building with zero net energy consumption, i.e., the building can produce enough renewable energy to meet its own energy consumption [1] . Zero-energy buildings have been considered as a promising choice for the next generation buildings with the goal of lower greenhouse emissions and higher energy efficiency [2] . Nowadays, many countries are accelerating their effort towards zero-energy buildings. For instance, Japan launched a research board in 2009 to ensure that all new Japanese public buildings are ZEB by the year of 2030 [3] .
The renewable energy sources, e.g., solar or wind energy, suffer from power fluctuations, and thus, energy storage systems (ESSs) are required in these systems to provide the stable power flow for end-users [4] . Different energy storage devices can be considered for zero-energy buildings, such as thermal energy storage systems [5] , fuel cell systems [6] , battery energy storage systems [7] , to name a The associate editor coordinating the review of this manuscript and approving it for publication was Hailong Li. few. Supercapacitors are new energy storage devices with high power density, which are suitable for renewable energy applications [8] . Moreover, compared with batteries, supercapacitors provide an extremely long lifetime, e.g., the lifetime can be as long as that of the buildings themselves if operated properly. These characteristics make supercapacitors a promising candidate for energy storage in zero-energy buildings.
It is typically difficult to achieve the zero-energy objective for a single building due to the limited capacity of the installed energy storage system [9] . Thus, the energy sharing concept is proposed to allocate the energy among buildings to satisfy the user requirement, as shown in Fig. 1 . Different energy sharing strategies have been proposed in the literature, see e.g., [7] , [10] - [13] . A multi-agent energy sharing approach was proposed in [7] , where buildings regulate the power flow among each other based on the bidirectional information flow. In [10] , the electrical energy storage (e.g., batteries) and the thermal energy storage (e.g., hot water) were compared, and a linear programming approach was proposed to determine the energy allocation of individual energy storage devices. An incentive based energy sharing method was proposed in [11] , where the priority of each building is determined based on the individual load curves. In [12] , a coalitional game based energy sharing method was proposed to minimize the coalitional cost, where a combined heat and power (CHP) system is considered. In [13] , a Stackelberg game based energy sharing approach was proposed, where the energy sharing is further categorized as direct sharing and buffered sharing.
These pioneering works provide a high-level insight into the energy sharing of zero-energy buildings using analytical or numerical optimization methods. However, in these studies, the energy sharing system modeling is neglected and the energy sharing process is assumed ideal. Actually, the energy sharing among buildings is achieved with additional hardware circuits, which implies that the energy sharing is a time-consuming process with additional energy loss. Thus, it is important to understand how the energy sharing system works physically. A basic functionality of the energy sharing system is to achieve the state-of-charge (SoC) balancing of ESSs. If the SoC of ESSs is not balanced, the ESS with lowest SoC cannot supply enough energy for end-users while the ESS with the highest SoC cannot store the generated energy effectively. Thus, we consider the SoC balancing of supercapacitor ESSs for zero-energy buildings. To this end, the schematic, modeling, and control of the energy sharing system are presented in this paper.
The schematic of the energy sharing system is shown in Fig. 2 , where a substation, which comprises an inverter, a transformer, and n rectifiers, is designed to allocate the energy among buildings. The DC power from buildings are converted to AC power in the inverter, which are further regulated in the multi-winding transformer. The AC power is converted to DC power through the rectifiers, which is supplied to the corresponding building. The rectifier is a controllable rectifying circuit, where the on/off of each rectifier is determined by external controllers.
The classical control method for the energy sharing circuit in Fig. 2 is the all-to-one (A2O) approach [14] , [15] , i.e., a central controller is designed to monitor the terminal voltage of each ESS and transfer the energy from all ESSs to the one with the lowest voltage. The voltages of all ESSs are collected and compared with each other, and the ESS with the lowest voltage is charged by the energy sharing system by enabling the corresponding rectifier. This method results in a long balancing time since the terminal voltage cannot represent the energy status of ESSs accurately. Moreover, the A2O method suffers from a low reliability, i.e., the energy sharing system will crash when the central controller fails. Meanwhile, when the number of buildings in the community is large, it is difficult, if not impossible, to develop a single controller to monitor and control all buildings due to the hardware resource limitation.
To address the challenges mentioned above, in this paper, a consensus-based energy sharing method is proposed, where the energy sharing decision of an ESS is made by comparing its SoC with those of its neighbors. The consensus control is a feedback control strategy for the synchronization of complex dynamical networks [16] . With the proposed energy sharing method, the power flow among supercapacitor ESSs can be regulated appropriately, which reduces the balancing time and improves the energy efficiency of the energy sharing system. The stability of the energy sharing system is analyzed and the closed-loop model is derived using the block diagram. Specifically, the contributions of this paper are three-fold.
• A cyber-physical modeling of the energy sharing system is developed, where the physical layer characterizes the physical components, and the cyber layer characterizes the communication topology among supercapacitor ESSs.
• An average SoC estimator is designed for supercapacitor ESSs using the dynamic consensus protocol, and a cooperative SoC tracker is proposed to balance the SoC of supercapacitor ESSs.
• The laboratory prototype is built, and experiment results show that the proposed method reduces the balancing time and improves the energy efficiency. The remainder of this paper is organized as follows. The modeling of the energy sharing system is introduced in Section II. The proposed consensus-based energy sharing approach is introduced in Section III. Experiment results are provided in Section IV. The paper is concluded in Section V.
II. ENERGY SHARING SYSTEM MODELING
In this section, we first introduce some preliminary knowledge about the zero-energy building and energy sharing VOLUME 7, 2019 system. Then, the cyber-physical modeling of the energy sharing system is presented. Fig. 1 shows the diagram of zero-energy buildings, where each building has its own energy generation-storageconsumption systems and buildings can share the electricity with each other through the energy sharing system. These systems are briefly introduced in the following.
A. ZERO-ENERGY BUILDING

1) ENERGY GENERATION
The energy generation system generates the electric power from renewable energy sources, e.g. the solar energy. The common energy generation system for the zero-energy building is the roof installed photovoltaic modules [17] .
2) ENERGY CONSUMPTION
The energy consumption within a building mainly depends on the climate and the types and number of energy consuming devices that are used [18] . It is shown in [19] that over 50% of the electricity of a building is used for air conditioning, refrigeration, lighting, electronics and related applications in Chinese southern cities.
It is worth noting that ZEBs can have different energy generation/consumption systems depending on the scenario. Interested readers can refer to, e.g., [21] , for the detailed information about different energy generation/consumption models of ZEBs.
3) ENERGY STORAGE
Due to the power fluctuations of renewable energy sources [20] , energy storage systems play an important role in matching the energy consumption and the energy generation of the building. Different energy storage devices can be considered depending on the scenario, including thermal energy storage, batteries, and supercapacitors, to name a few. In this paper, supercapacitors are chosen as the energy storage device due to their fast charging/discharging rate and their extremely long lifetime.
4) ENERGY SHARING
It is shown that achieving the zero energy objective of a single building is very difficult [3] . Thus, energy sharing has been proposed to design zero-energy buildings in a community level. Then, the excessive renewable energy of some buildings can be shared to others that lack the electricity, which can help to reduce the use of non-renewable energy. In the energy sharing system, the energy flow among buildings is regulated through the information exchange among buildings. Fig. 2 depicts the schematic of the energy sharing system for zero-energy buildings. The energy sharing system consists of n buildings and a substation. Each building has been installed with a supercapacitor ESS. The substation can charge the ESS of the corresponding building by extracting the energy from all the other buildings. Moreover, the substation can be steered only by the renewable energy stored in ESSs of the buildings without any non-renewable energy from the main grid. The substation is comprised of an inverter, a transformer, n rectifiers for the corresponding buildings, which are detailed as follows.
B. ENERGY SHARING SYSTEM
1) INVERTER
As shown in Fig. 3 , the input of the inverter is connected to the ESSs of buildings, and the output of the inverter is connected to the multi-winding transformer. The inverter converts the DC power from the ESSs of buildings to the AC power, which is further injected into the transformer. The switches S 1 and S 2 can be turned on or off to regulate the output current of the inverter. It is shown in [14] that when the duty cycles of S 1 and S 2 are 0.5, i.e., the switches are tuned on alternately, the inverter achieves the maximum output current.
2) TRANSFORMER
The multi-winding transformer is used for the energy transfer and electrical isolation among rectifiers. The transformer has two primary windings and n secondary windings. The primary windings are connected with the inverter and each secondary winding is connected to the corresponding rectifier. Several notations about the transformer are defined as: • L p is the equivalent leakage inductance of the primary winding and L k is the equivalent leakage inductance of the kth secondary winding.
3) RECTIFIER
As shown in Fig. 4 , the input of the rectifier is connected with the secondary side of the transformer, and the output is connected with the supercapacitor ESS of the corresponding building. The rectifier converts the AC power from the transformer to the DC power, which is used to charge the supercapacitor ESS of the building. The rectifier is a controllable synchronous rectifying circuit using MosFETs, which implies that the rectifier can be enabled using the external control circuit to charge the supercapacitors. The supercapacitors are typically modeled as a series RC circuit, where the equivalent capacitor represents the energy storage effect, and the equivalent-series-resistor (ESR) characterizes the power loss effect [22] . The balancing current from the rectifier k to the energy storage system is represented as [14] :
where i ek is the balancing current from the rectifier, d k = 1 and d k = 0 mean rectifier k is enabled or disabled, respectively, T is the switching period, v s is the total voltage of all ESSs of the buildings, and v k is the voltage deviation, which is defined as
C. CYBER-PHYSICAL MODELING 1) PHYSICAL MODELING Consider the energy sharing system shown in Fig. 2-Fig. 4 , where the ESSs of the buildings are connected in series and each ESS is regulated through the rectifier. The voltage dynamics of each supercapacitor ESS is simplified as
where i k is the current flowing through ESS k, C k is the capacitance, and v ck is the capacitor voltage of ESS k.
When the rectifier k is on, the current flowing through the ESS k is derived as
where i ek is the balancing current from the rectifier k, and i s is the extracted current from all ESSs. The extracting current i s depends on many factors, including ESS voltage v k , ESS stack voltage v s , number of ESSs, the generation power and consumption power of the buildings.
In (4), if i k is larger than i s , ESS k will be charged by the energy sharing system with the current extracted from all the other ESSs. Similarly, when the rectifier is off, the current flowing through ESS k is derived as
Equation (5) implies that if the ESS k is not charged by the rectifier, the current i s will be extracted from it to charge the ESS that the corresponding rectifier is on. By combining (3), (4) and (5), we derive the voltage dynamics asv
where s k = 0/1 is the binary switching signal for the rectifier. Now, we need to estimate the SoC of supercapacitors ESSs. Many SoC estimation methods are available in the literature, which can be applied here. For the quick calculation, the SoC of supercapacitor ESSs can be computed as
where x k , v ck , and v max are the SoC, equivalent capacitor voltage, and maximum voltage of supercapacitor k, respectively. Then, we derive the dynamics of the SoC for each supercapacitor ESS asẋ
where
As shown in (8), the electricity can be controlled to flow into a building, i.e.,ẋ k > 0, by enabling the corresponding rectifier (s k =1). If the rectifier is off (s k =0), the energy is extracted to other buildings, i.e.,ẋ k < 0. Then, the energy sharing can be achieved by enabling or disabling the rectifiers with switching signal s k .
2) CYBER MODELING
In zero-energy buildings, each building is installed with a supercapacitor ESS. The ESSs can communicate with each other through the bidirectional communication to achieve the energy sharing among buildings. The ESSs of the zero-energy buildings can be characterized by an undirected graph (υ, ε), where the ESSs are modeled by the set of nodes υ and communication links among ESSs are denoted as the set of edges ε. In the graph (υ, ε), there are n + 1 nodes labeled 0, 1, · · ·, n, where nodes 1, · · ·, n represent the ESSs and node 0 is an virtual node representing the reference information for the ESSs. The interactions among ESSs can be characterized mathematically by the Laplacian matrix L, which is defined as
where each row sum of L is always zero. The interactions between the virtual node 0 and the ESSs can be represented by the pinning matrix
where g k = 1 if the reference is accessible to ESS k, and g k = 0 otherwise. The cyber model of the energy sharing system can be mathematically characterized by the graph matrices L and G, where the Laplacian matrix L characterizes the communication topology among ESSs and the pinning matrix G characterizes the accessibility of the reference to ESSs. In order to guarantee the energy synchronization of ESSs, there are two basic assumptions about the graph. First, the abstract node is accessible to at least one ESS. This assumption is straightforward, i.e., if the reference is not accessible to any ESSs, no ESSs can track the reference. Second, the communication graph among ESSs should be connected. If there is one ESS that is isolated from the group, the ESS cannot keep synchronized with the other ESSs. It is shown that if the two requirements hold, the matrix L + G is positive definite [23] .
III. CONSENSUS-BASED ENERGY SHARING
In this section, a consensus-based energy sharing scheme is developed for supercapacitor ESSs of zero-energy buildings. The cyber-physical representation of the energy sharing system is provided. A local SoC observer is designed for each ESS to estimate the average SoC of all ESSs. Then, a distributed energy sharing controller is designed for each ESS to balance the SoC of all ESSs.
A. BIG PICTURE OF PROPOSED SCHEME
The big picture of the proposed energy sharing scheme is shown in Fig. 5 , where the energy sharing system is modeled as a cyber-physical system with three layers, i.e., a physical layer, a cyber layer, and a control layer. The physical layer characterizes the energy sharing circuit, supercapacitor ESSs and their physical connections. The cyber layer represents the communication topology among supercapacitor ESSs. In the control layer, n distributed energy sharing controllers are designed to balance the SoC of neighboring ESSs.
The interactions among the three layers of the cyberphysical system are described as follows. There are n controllers in the control layer, where each controller is comprised of an SoC estimator and an SoC tracker. The input of the SoC estimator is the local SoC of the ESS computed in the physical layer. The SoC estimator estimates the average SoC of all ESSs as the reference, and then the reference is injected into the SoC tracker. The other inputs of the SoC tracker are the neighbors' SoCs transmitted from the cyber layer. The output of the controller is the switching signal s k , which is used to enable or disable the corresponding rectifier in the physical layer.
The physical layer and the cyber layer of the energy sharing system have been mathematically modeled in Section II-C.1 and Section II-C.2, respectively. The control layer design will be introduced in what follows.
B. AVERAGE SoC ESTIMATION
The objective of the energy sharing system is to balance the SoC of ESSs, i.e., the SoC of each ESS is equal to the average SoC of all the ESSs. However, the average SoC of the ESS stack is time-varying and unknown to the individual ESS due to the unexpected power generation/consumption of zero-energy buildings. Thus, it is necessary to estimate the average SoC of the ESS stack using a local observer for each ESS.
A local SoC observer is designed as follows [24] :
wherex k andx m are the average SoC estimations by ESS k and ESS m, respectively. By differentiating (11), the observer is further written aṡ
The observer (12) is referred to as a dynamic consensus protocol in the literature [24] , which has been widely used to estimate the average voltage of nodes in micro-grids [25] . With the local SoC x k and the neighbors' estimationx m , ESS k updates its own estimations on the average SoC of the ESS stack based on (12) . Since the local measurement x k is directly fed into the estimator, the estimationx k can respond immediately in case of any change of x k . Then, the change in x k transmits through the communication network and affects all other estimations.
In what follows, we analyze why the protocol (12) can estimate the average SoC of the whole ESS stack. To this end, we first derive the collective form of x k andx k :
Then, we have the following proposition. Proposition 1: Consider the dynamic consensus protocol (12) , the transfer function matrix G(s) from X(s) toX(s) satisfies
where X(s) andX(s) are the Laplace transforms of X andX, respectively, and I n×n is the identity matrix. Proof: We rewrite the dynamic consensus protocol (12) asẋ
The matrix-vector representation of (13) is written aṡ
The Laplace transform of (16) is derived as
From (11), we knowX(0) = X(0). Thus, The observer (17) can be further written as
Then, the transfer function matrix G(s) from X(s) toX(s) can be derived as (14) . This completes the proof.
For the collective representation (18) , it is shown that if L is balanced, all elements of the SoC estimation vectorX converge to the average value of all the elements of X [24] , which can be characterized mathematically as
whereX ss and X ss are the SoC and the SoC estimation vector in the steady state, and M is an n × n matrix with all elements of 1/n. Note that for the undirected graph considered in this paper, L is always balanced. Thus, with the SoC observer (11), each ESS can estimate the average SoC of the whole ESS stack only using the SoC information of neighbors.
C. Cooperative SoC Tracking
With the average SoC estimator (11) , an SoC tracker can be designed to guarantee that the SoCs of all ESSs converge to the reference. Then, a cooperative SoC tracking protocol is designed as
where e k is the tracking error. The SoC tracking protocol (20) is a pinning control protocol, which characterizes all the possible interactions between the reference and ESSs, as well as those among ESSs. The first term of the tracking protocol (20) characterizes the accessibility of the average SoC to ESS k. If the average SoC is estimated by cell k, g k = 1; otherwise g k = 0. The second term describes the availability of the neighbors' information to ESS k. If ESS k can receive information from ESS m, a km = 1; otherwise, a km = 0. The first term guarantees the ESSs track the average SoC, and the second term is used to adjust the energy flow among buildings.
Then, a switching signal s k for cell k is designed as
where the switching logic sign(·) is defined as
If a km = 0 and g k = 1 for ESS k in (20) , ESS k makes the control decision based on the comparison between the estimated average SoC and its own SoC. If x k <x k , we have s k = 1, i.e., the ESS will be charged with the current i k as in (4) until x k increases tox k . If x k >x k , we have s k = 0, i.e., the ESS will be discharged with the current i s as in (5) From the above analysis, we can find that the SoCs of all ESSs will be synchronized and equal to the average SoC. In the following, we provide a proposition to prove it.
Proposition 2: Consider the energy sharing system of zero-energy buildings in Fig. 1-Fig. 4 , if each ESS is steered by controller (20)- (22), the SoCs of all ESSs are synchronized and equal to the average SoC of the whole ESS stack in the steady state, i.e., X =X ss .
Proof: Define the collective vector form of tracking error E by
From (20), we have
The tracking error (24) is written in the matrix-vector form as
From (19), we know the estimated average SoC vector X ss has identical elements in the steady state. Then, we have LX ss = 0, where 0 is a vector with all zero elements. Substituting it to (25), we derive the tracking error in the steady state as
From (22), we know that if E > 0, the corresponding ESSs will be discharged until E = 0; and if E < 0, the corresponding ESSs will be charged until E = 0. When the average SoC is estimated by at least one ESS and the graph is connected, the matrix L + G is positive definite and thus invertible [23] . Thus, we have
Then, we know that the SoCs of all ESSs are synchronized and equal to the average SoC of the ESS stack in the steady state, i.e., X =X ss . This completes the proof.
D. CLOSED-LOOP MODELING
In order to illustrate the implementation of the proposed controller, we develop the block diagram of the closed-loop system. We first define the collective form of the switching signal s k and the current flowing through each ESS i k as
The transfer function matrix P(s) of the ESS stack from I to X is derived as
The input of the energy sharing system is the switching signal s k for each rectifier, and the output is the current i k flowing through each ESS. It is difficult to derive the explicit expression of the energy sharing system since each ESS is coupled with each other through the circuit. Thus, we assume the general expression of the energy sharing system as
which satisfies the input and output relationship of the energy sharing system. The closed-loop model is derived using block diagram, where the signals are state vectors and the blocks are the operations of the vectors. The output vector of the closed-loop system is X. From (18), the output vector X is injected to the transfer function matrix G(s) to generate the referenceX. From (26), the negative feedback vectorX − X is input to the cyber layer model L + G to produce the tracking error vector E. Then, the tracking error vector E is injected to the switching controller (21) to generate the switching control vector S. Thereafter, the switching signal vector S is injected to the energy sharing circuit (30) to supply the current vector X. Finally, the current vector I is flowing through the ESSs to supply the voltage vector X. By connecting the above blocks according to the signal flow, the cyber-physical framework of the closed-loop control system is shown in Fig. 6 .
From Proposition 2 and Fig. 6 , we know that with the given energy sharing circuit and SoC estimator, the SoC synchronization of supercapacitors is totally determined by the chosen communication topology. This implies that the effectiveness of the proposed method is independent of specific energy generation/consumption models. In the following, we will provide two experiments to illustrate the effectiveness of the proposed method during energy generation process and energy consumption process, respectively. 
IV. PERFORMANCE EVALUATION
In this section, the performance of the proposed energy sharing method is evaluated with experiment results. We first introduce the hardware setup of the energy sharing system prototype. Then experiments are conducted to verify the effectiveness of the proposed energy sharing method.
A. PROTOTYPE SETUP Fig. 7 shows the setup of the energy sharing system prototype, which is built based on the schematics in Fig. 2-Fig. 4 . The main components of the prototype are introduced as follows.
• Inverter: The inverter converts the DC power from the supercapacitor ESSs to AC power, which is further injected to the transformer. The inverter adopts the push-pull forward converter, which can supply a large balancing current with a relatively low voltage.
• Control Board: For compactness, several digital devices are embedded in the control board, including an LPC1768 micro-processor, a low-pass filter chip TL074ID, eight high-precision dividers working as voltage sensors, and a voltage conversion chip PDUKE-24S05.
• Transformer: A multi-winding transformer is used for the energy conversion, where two primary windings and eight secondary windings are applied. Each secondary winding is connected to a rectifier of the corresponding ESS.
• Rectifier: The rectifier converts the AC power from the transformer to the DC power. There are eight rectifiers in the energy sharing system, where on/off of each rectifier can be regulated by the control board.
• Supercapacitor ESSs: Eight NBCSR-3000C supercapacitor are connected in series as a stack, and the energy can be shared among the supercapacitors through the energy sharing system.
• Resistors: A group of resistors are provided to emulate the energy consumption of zero-energy buildings. The energy of supercapacitor ESSs can be consumed by the resistors.
• Power Sources: A constant-current power source is used to emulate the energy generation of zero-energy buildings, and supplies the charging current for the supercapacitor ESSs. A DC 24 V power source supplies the operating voltage for the micro-controllers and sensors through the voltage conversion chip PDUKE-24S05.
The operation mechanism of the prototype is described as follows. There are eight control procedures (i.e., controllers) in the LPC1768 micro-controller. Each controller measures the voltage of the corresponding supercapacitor through the high-precision voltage divider. The measured analog voltage signals are filtered by the low-pass filter TL074ID and are used to compute the SoC. Eight controllers transmit their local SoCs to their neighbors based on the specified communication topology. With the local SoC and the SoC information transmitted from neighbors, each controller computes the switching signals based on the control protocol. Then, the rectifiers can be turned on or off based on the switching signals.
The parameter settings of the circuit and the communication topology are provided in the Appendix.
B. EXPERIMENT RESULTS
The performance of the proposed energy sharing method is evaluated under energy generation process and energy consumption process, respectively. In the first case, each supercapacitor is charged with a constant-current power source to emulate the energy generation process. In the second case, each supercapacitors is discharged with dissipative resistors to emulate the energy consumption process.
1) EXPERIMENTS DURING ENERGY GENERATION PROCESS
During the energy generation process, the generated energy is stored in supercapacitor ESSs of zero-energy buildings, i.e., the SoCs of supercapacitors increase with time. To emulate the phenomenon, each supercapacitor is charged by a 2 A constant current. Fig. 8 shows the SoC profiles of eight supercapacitors with the proposed method during the energy generation process. It is shown that eight supercapacitor cells are charged with different initial SoCs, but the SoC become synchronized at about 61 s. Then, the SoCs of cells keep synchronized and increasing until the charging is terminated at 138 s. We can find that the SoC keeps the same after the charging is terminated.
The performance comparison between the proposed method and the classical all-to-one (A2O) method during the energy generation process is provided in Fig. 9 . Fig. 9(a) depicts the experiment results of the classical energy sharing method. In the classical method, the energy is transferred from all the other cells to the cell with the lowest voltage. The rectifier of the cell with the lowest voltage will be turned on, and the supercapacitor will be charged by the balancing current through the energy sharing circuit. The balancing time for eight supercapacitors is about 102 s, and the charging is terminated around 150 s. However, as shown in Fig. 9(a) , there are significant voltage oscillations during the balancing process. In the classical method, the supercapacitor with the lowest voltage is charged by the balancing current. Due to the ESRs of supercapacitors, there are an abrupt voltage increase, which implies that the terminal voltage of the supercapacitor may be larger than some other supercapacitors. Then, the rectifier is turned off and on repeatedly. Such a repeated process results in voltage oscillations during the balancing process. The voltage oscillations prolong the balancing time and reduce the energy efficiency. Moreover, there are voltage drops when the charging is terminated at 150 s, which implies that cells become unbalanced again. This is because only the terminal voltage is balanced with the classical method. When the charging Fig. 9. is terminated, the voltage drop is equal to the balancing current multiplied by the ESR. Due to individual aging of supercapacitors, the ESRs of supercapacitors are different. Then, supercapacitors have different voltage drops. Fig. 9(b) depicts the experiment results of the proposed energy sharing method during the energy generation process. The proposed method utilizes a distributed control approach, i.e., each supercapacitor compares its SoC with its neighbors. If the SoC of the supercapacitors is less than those of its neighbors, the rectifier of the supercapacitor will be turned on, and the supercapacitor will be charged by the balancing current through the energy sharing circuit. The balancing time for eight supercapacitors is about 60 s, and the charging is terminated around 140 s. The SoC is directly related to the equivalent capacitor voltage v ck , as shown in (7). Since the capacitor voltage v ck cannot change dramatically with the charging current, the voltages of supercapacitors still maintain balanced when the charging is terminated.
By comparing the experiment results of Fig. 9 (a) with those of Fig. 9(b) , we can find that the proposed method can reduce the balancing time considerably (60 s vs. 100 s). The long balancing time implies that low energy efficiency due to the power loss during the energy flow. The energy efficiency is computed as the ratio of the stored energy of the supercapacitor stack to the input energy from the energy generation system. Then, the experiment results of Fig. 9 are summarized in Table 1 .
2) EXPERIMENTS DURING ENERGY CONSUMPTION PROCESS
During the energy consumption process, the stored energy of supercapacitor ESSs is consumed by the energy consumption system of zero-energy buildings, i.e., the voltages of supercapacitors decrease with time. To emulate the phenomenon, each supercapacitor is connected in parallel with a 2 resistor, and then supercapacitors are discharged through the resistors. Fig. 10 shows the SoC profiles of eight supercapacitors with the proposed method during the energy consumption process. It is shown that eight supercapacitor cells are discharged with different initial SoCs, but the SoC become synchronized at about 38 s. Then, the SoCs of cells keep synchronized and decreasing during the discharging process.
The performance comparison between the proposed method and the classical method during the energy consumption process is provided in Fig. 11 . Fig. 11(a) depicts the experiment results of the classical energy sharing method. There is a central controller that collects the voltages of all supercapacitors and determine which supercapacitor has Fig. 11 . the lowest voltage. Then, the supercapacitor with the lowest voltage will be supplied the energy by the balancing current through enabling the corresponding rectifier. The balancing time for eight supercapacitors is about 66 s. Similar to Fig. 9(a) , there are significant oscillations due to the undesired energy flow among supercapacitor during the balancing process. Fig. 11(b) depicts the experiment results of the proposed energy sharing method during the energy consumption process. In the proposed method, each supercapacitors communicates with its neighbors to exchange the SoC information. By comparing its SoC with those of its neighbors, each supercapacitor determines the on/off of the corresponding rectifier locally, and avoids the undesired energy flow among supercapacitors. From Fig. 11(b) , we find that the balancing time for eight supercapacitors is about 38 s.
By comparing the experiment results of Fig. 11 (a) with those of Fig. 11(b) , we can find that the proposed method can reduce the balancing time considerably (38 s vs. 66 s). The reduced balancing time implies that the energy efficiency can be improved. The balancing time and the energy efficiency of the two methods in Fig. 11 are summarized in Table 2 .
C. RESULTS DISCUSSION
Some further discussions about the proposed energy sharing method are provided as follows.
1) EFFECTIVENESS
From Table 1 and Table 2 , we can find that the proposed method can effectively reduce the balancing time and improve the energy efficiency during energy generation and consumption processes when compared with the classical method. In the proposed method, each supercapacitor makes the control decision by comparing its SoC with its neighbors, which avoids the voltage oscillation during the balancing process. This fact implies that the energy flow among supercapacitor is regulated more effectively, which reduces the balancing time and improves the energy efficiency.
2) SUPERIORITY
In the classical method, the voltages of all supercapacitors are collected and the on/off of rectifiers are determined in centralized way. This method brings a single-point-failure, which reduces the reliability of the energy sharing system. The proposed method is a distributed control approach, where each supercapacitor communicates its neighbors to make a control decision. This fact implies that the complexity of the proposed method will not increase with the number of buildings in the energy-sharing system. Thus, the proposed method is suitable for large-scale zero-energy building communities.
V. CONCLUSION
In this paper, a consensus-based energy sharing method is proposed for zero-energy buildings. The energy sharing system is modeled using a cyber-physical approach, where the physical layer characterizes the supercapacitor ESSs and the energy sharing circuit, and the cyber layer models the communication topology among ESSs. An average consensus estimator is designed using the dynamic consensus protocol, which is further used as the reference in a pinning-based energy sharing control law. The closed-loop model of the energy sharing system is developed using the block diagram. Experiment results verify the effectiveness of the proposed energy sharing method. The future work mainly focuses on the following two aspects: (i) integrating physical ZEB models in the energy sharing systems, and (ii) evaluating the performance of the energy sharing system with realistic energy generation/consumption profiles of ZEBs.
APPENDIX
The parameter settings of the energy sharing circuit are provided in Table 3 
